The article presents the results of a study of characteristic X-ray spectra of free atoms by means of a new simple technique. A pulsed electron beam was used for evaporation and to create inner-shell vacancies in free atoms of metals. The spectra were obtained with the help of an X-ray monochromator which allowed precise comparison between the free-atoms spectra and corresponding solid-state spectra. The shifts of the peaks were measured and found to be in the range ¢ ¶ = ¶ º10 ¡5 {10
Introduction.
Characteristic X-ray lines (CXL) have been under investigation for a long time, and their nature as transitions between inner-shell vacancy states in singly ionized atoms is now the subject of textbooks. Nevertheless, there are still some¯ne e®ects connected with CXL which are of interest for experimental and theoretical study. One of these e®ects is the in°uence of the state of the outer-shell electrons on the inner-shell vacancies. Until now, this e®ect has been studied mostly through the measurement of chemical shifts, where changes of the X-ray spectra of the particular elements in the di®erent chemical bonds was under investigation [1] . Another method for studying this in°uence was used in [2] [3] [4] [5] where the CXL of free atoms were precisely compared with the same lines emitted by a conventional X-ray tube.
Initial interest in the present investigations was connected with the need for knowledge of the wavelengths of CXL of free atoms for usage as reference lines for measurements of wavelengths of multicharged ions [6] . Up to now, most information about the wavelengths of CXL has been connected with the solid state of the emitting element [7, 8] . Only a few special articles dealing withfree atoms can be found (see, e.g., [9] ). Investigation of the X-ray spectra of free atoms has been aimed mostly at the study of the X-ray absorption of vapors created in high temperature furnaces [10] . The¯rst measurements of CXL of free atoms with the help of a new electron beam method [2] [3] [4] [5] produced information about their wavelengths with an accuracy of ¢ ¶ = ¶ º10 ¡5 . The limiting factor for this accuracy was connected with the statistics of the counts in the free-atoms spectra. The present work reviews the results of the previous measurements and presents new data for the K-, L-and M-series of CXL in the 1{6 Angstrom wavelength region.
Experiment.
The general scheme of the experimental set-up is shown in Fig.1 . It contains two main parts: the spectral source unit and the spectroscopic unit. The source unit contains an electron gun and the target, made from the metal under investigation. The Pierce-type electron gun can operate in two regimes, which allows two modes for the spectral source: (a)|the free atom spectra mode and (b)|the solid state spectra mode. In source mode (a), the electron gun produces a convergent beam with energy up to 15 kV and current up to 20 mA, focused on the surface of the target over a focus diameter of 0.5 mm. The vacuum condition of the gun chamber is 3£10 ¡4 torr. The power density of the beam is enough to melt practically any metal target. The pulsed mode with pulse duration 0.1-1 second and one pulse in 10-20 seconds makes it possible to choose the thermal regime for the evaporation of di®erent metals with moderate rate of target erosion. The advantage of this method is the absence in the set-up of high temperature ovens for getting the metal vapor. Another regime of gun operation is used for mode (b) of the spectral source. Here the gun is used as a cathode of the X-ray tube with constant current 0.2 mA; the target is not melted and serves as an anode. That is achieved by lowering the gun heating current. The electron beam current in this case is not limited by the space charge, so current stabilization is used. The target itself can be moved in the vertical direction over a distance of about 1 mm (see Fig. 1 ): position 1 is used in source mode (a), and position 2 in source mode (b). The detailed drawing of the target unit with the target in position 1 is shown in Fig.  2 . The distance between the axis of the electron beam and the entrance slit is 5 mm. The additional knife-type horizontal diaphragm is used to prevent the X-rays originating on the surface of the metal target from reaching the entrance slit. Thus, only the vapor cloud can produce the X-rays which enter the spectrometer unit. In position 2 of the target, the X-rays originating on the target surface can enter the spectrometer unit, and the reference solid-state CXL can be detected with regime (b) of the electron gun.
The spectroscopic unit is constructed as an X-ray monochromator with a curved crystal and an entrance slit (0.1 mm £ 1 mm) on the Rowland circle [11] . A gas-¯lled proportional X-ray counter was used for the detection of the radiation (see Fig. 1 ). Quartz crystals with 2d spacings of 8.51 º A, 6.68 º A, and 2.37 º A were used for the di®erent metals with a radius of curvature in the range 300{600 mm. The slit-crystal midpoint distance was about 280 mm. When the central ray from the target satis¯es the Bragg condition ¶ = 2d cos', practically the entire surface of the crystal takes part in the re°ection of radiation with wavelength ¶ , which is thendetected by the photon counter situated near the crystal (see Fig. 1 ). This scheme acts as a monochromator with the width of the apparatus function equal to the product of the entrance slit width and the inverse linear dispersion d ¶ /dl=2d sin'/R (where ' is the angle of incidence in the middle of the crystal). Spectral scanning is produced by displacement of the curved crystal and photon counter unit in such a way that the entrance slit e®ectively moves along the Rowland circle (see Fig. 1 ). Small spectral range (about 10 m º A) allows high e±ciency of the spectrometer unit [11] .
The complete experimental procedure for the spectral measurement consists of three steps. The¯rst step is the obtaining of reference lines from the solid target. The current of the electron gun is about 0.2{0.5 mA, and the target is not melted by the beam (mode (b) of the spectral source). The vertical position of the target corresponds to the anode spot just in front of the entrance slit (position 2 in Fig. 1 ). In the second step, using mode (a) of the spectral source, the beam melts the target and produces vapor. The target is shifted down by a distance of 1{2 mm (position 1 in Fig. 1 ) and now a cloud of excited vapor is in front of the entrance slit. The third step|the control scanning of the reference lines from the solid target, is done as it was in the¯rst step.
Though curved-crystal spectrometers usually give worse resolution compared, for example, to two-crystal spectrometers [1] , this resolution is enough to detect the di®erence between the X-ray spectra of free atoms and the X-ray spectra emitted by the solid state. The change in position of the maximum of the line pro¯le was adopted as a quantitative measure of this di®erence. There exist many methods for de¯ning the maximum, such as extrapolation of the centers of the chords [7] , the zero derivative method, and others. In our experiment, where the spectral points are taken comparatively rarely and the total line pro¯le is rather complicated, the position of the maximum was de¯ned by approximating the upper part of the line by a parabola of and¯nding its maximum.
K-series Measurements.
The wavelength range available for the study (1{6 Angstroms) contains K lines of the metals of the Fe group. Measurements show that the lines of the free atoms are shifted with respect to their positions in the solid state radiation. Fig. 3 and Fig. 4 give examples of K spectra for Cr and Ni|the solid state spectrum is given by the solid line, the free-atoms spectral pro¯le by the squares. The shifts of the lines of the free atoms were measured according to the procedure described in the previous section (the solid state line in regime (b) is compared with the free-atom lines of regime (a)), and the results are given in Table 1 . As adopted, the position of the peak was de¯ned by means of approximation of the upper part of the line pro¯le (the part higher than half of the maximum intensity) by a quadratic. The accuracy of the measurements is the quadratic mean of the statistical accuracy of the determination of the CXL maximum of free atoms, the statistical accuracy of the position of the solid state reference line, and the mean shift of the reference lines between the¯rst and third steps of the measurement. The large uncertainty of the Mn data is caused by bad statistics of counts in the freeatom spectra because of fast erosion of the target. This erosion was due to the smaller thermoconductivity of Mn and did not allow enough time to work with the target. The Z-dependence of the shifts of K-lines is given in Fig. 5 . One can see, that the shift for K 1 is maximum at Z=24. The Z-dependency of the K 2 shift has no such clear e®ect|it may besmeared by the limited accuracy of the measurements. With improvement, its Z-dependency may be revealed.
The interesting new feature of the free-atoms CXL spectra is the appearance of spectral structure, in most cases corresponding to the asymmetrical wings of the CXL emitted by a conventional X-ray tube. One might expect that K¯transitions would give larger values of shifts than K transitions, because of closer interaction of n=3 vacancy with outer shell electrons. Instead, these CXL of free atoms have shown the new structure. Fig. 6 gives the example of the V K¯1 ;3 spectrum, where the long wavelength wing of the CXL of free atoms reveals the component which corresponds to the asymmetrical wing of the solid state spectrum, and which is smeared in the solid state spectrum.
The K-series measurements were published in [2] . The present article gives the remeasured data for Ti and Ni, which were obtained with better spectral resolution. The re-measured data di®er from the¯rst measurements in terms of the values of the three quadratic mean uncertainties.
L-series Measurements.
Measurements of the shifts of the CXL in the L-series, analogous to the experiments in the K-series, are possible with the available spectral unit for the elements with Z n in the 40{70 range. Fig. 7 shows the spectra of L lines of Mo, and here also one can see the shift of the vapor spectrum with respect to the solid state spectrum. The same procedure as for the K-series was adopted for the determination of the position of the peaks and the accuracy of the measurements. Table 2 presents the results of the shifts measurement for the L 1 and L¯1 lines of the CXL for the series of elements from Mo (Z n = 42) to Tm (Z n = 69). The Z-dependencies of these shifts are presented in Fig. 8 .
Two physical mechanisms may be responsible for the change in spectral pro¯le of the CXL:¯rst, the splitting and shift of atomic levels by the formation of zone structure in the solid state, and second, the change in multiplet structure due to change of symmetry of the wave function of the outer shell electrons. The absence of smooth change of shifts of the lines of rare earth metals shows the importance of the second mechanism in this range of atomic numbers. Fig. 9 and Fig. 10 show the L¯1spectra of Ce (Z n = 58) and Pr (Z n = 59), and clearly demonstrate that the shifts of the CXL of free atoms in comparison with the solid state emission are caused by the appearance of the multiplet structure. The di®erent signs of these shifts in the two spectra are connected with the di®erent relative intensities of the separate line components.
The¯rst results of the study of L-series lines were published in [5] . This article gives new data for Mo, Cd, La, Ce, Sm L¯1, Tb, Dy, Er and Tm. The enlarged range of Z n of the investigated elements made the conclusion about the origin of the line shift more convincing.
M-series Measurements.
Only metals with nuclear charge higher than 80 can be studied with the available spectrometer system. Thus, it was possible to deal with lead and bismuth. The results of the measurements of their spectra were published in [4] , and here they are given for the sake of completeness. The measured shifts of M and M¯lines are given in Table 3 . Fig.  11 gives an example of the spectrum of Pb M . One can see that the spectrum of free atoms also contains the¯ne structure, unresolved in the solid state emission.
Discussion.
An important problem is the in°uence of systematic errors on the results of the measurements of line shifts. After checking for the possible input of scattered radiation, there remains the danger of the in°uence of clusters and multiply ionized atoms on the total line pro¯le. Having in mind the treatment in [13] , the process of the formation of clusters in the vapor stream is determined by its density. This last can be estimated through the total X-ray°ux as 10 13 cm ¡3 , and it is not enough for cluster e®ects. The removal of the outer shell electrons also causes shifts of the CXL lines [14] . As concerns this e®ect, rst, the total number of ions in the volume of the electron beam cannot overcompensate its space charge. Such an ion density in our case does not exceed 5£10 9 cm ¡3 , which is much less than the density of the neutral vapor which produces the radiation of free atoms. Thus, the relative total input of the line intensity caused by the multiply charged ions is less than 0.001. Second, a study of the visible spectra of Fe, Ti and Ni excited by the electron beam in the vapor stream in regime (a) was done. The spectra were spatially resolved, and it was shown that at a distance of about 1 mm from the target, they contain only the transitions from the lowest excited con¯gurations of neutral atoms. The upper estimations of the intensities of the lines of the¯rst and the second ions match the estimation given above. The interpretation of the line shifts in the K-series can be an interesting problem for zone structure calculations. The maximum of the K 1 shift on Z n = 24 correlates with the Z-dependence of the K¯5 intensity [1] , and also with the Z-dependence of some of the thermodynamical properties of metals in the Fe group. This can be treated as some hint that the shift of K 1 is caused by zone formation. The¯ne structure of the spectral lines of free atoms can be of interest for atomic structure calculations. An attempt to interpret such structure on the long wavelength wing of the Fe K¯1 ;3 line with the help of Cowan code was made in [12] . It was shown that the overall spectral envelope obtained with the ground 5 D 4 term of the outer 3d shell does not match the experimental pro¯le, and it is necessary to add contributions from the 3 P 4 and 3 H 4 excited terms of the 3d shell in order to get the proper spectral pro¯le. But it is not clear how these additional states can be excited in the process of inner-shell ionization. The presented results make it possible to use the investigated lines for wavelength calibration by vapor CXL with an accuracy of ¢ ¶ / ¶ º10 ¡5 . The proposed method of study of X-ray spectra can serve as the base for re¯nement of X-ray wavelength standards.
In the ¢ ¶ / ¶ º10 ¡6 {10 ¡7 range of absolute accuracy that is available now through Xray interferometry [15] , the measured wavelength can be sensitive to¯ne traces of the chemical structure of the particular piece of the metal used for the anode of the X-ray tube, while the radiation of the vapor is totally free from any type of chemical shift. The accuracy of the measurement of line positions must be considerably improved for this aim. Better statistics can be obtained through the increase of gun power and the usage of the frequency regime for the electron gun current. Table 3 The shifts of the maximums of the characteristic M-lines emitted by the free atoms with respect to those emitted by the solid state.
